The GMR effect in nanogranular Ag 72 Co 28 films made by rf sputtering has been investigated in order to apply to the sensors in brushless DC motors. In a Ag 72 Co 28 film having the MR ratio of 9.5%, the Co particle size decomposed from a Ag matrix was estimated to be about 20 nm. The temperature dependence of resistivity linearly increases up to 573 K, whereas the MR ratio linearly decreases up to 573 K, that is, 12% at room temperature and 4% at 573 K. These behaviors are to the advantage of compensation both the temperature dependences of the film sensor. In addition, the thermal stability of the MR effect is excellent. Accordingly, the nanogranular Ag 72 Co 28 film sensors have a potential to replace with conventional Hall sensors restricted below about 400 K in brushless DC motors. The nanogranular Ag 72 Co 28 film sensors attached to the bias permanent magnets set in a brushless motor are able to detect the rotating angle of the rotor together with the distinction between the polarity from the quiescent state and the rotating state. Consequently, the nanogranular GMR Ag 72 Co 28 thin films have excellent properties for rotating angle sensors at high temperatures in brushless motors.
Introduction
Since the discovery of the giant magnetoresistance (GMR) effect in Fe/Cr superlattices its sensitivity to the magnetic field has been improved for practical applications and the spin-valve type GMR heads have been applied to magnetic sensors.
1) The GMR effect caused by the spin dependent scattering of conduction electrons has been observed not only in superlattices but also nanogranular alloys composed of ferromagnetic and nonmagnetic elements. 2, 3) The nanogranular type GMR effect arises from the alignment of magnetic granules randomly orientated due to thermal fluctuation in analogy with superparamagnets. As a result, the sensitivity of the magnetoresistance to the magnetic field is low, compared with the superlattice type GMR effect. From viewpoints of applications for high sensitivity to the magnetic field, it is difficult to improve the nanogranular GMR effect because of its superparamagntic behavior mentioned above. Therefore, no applications of nanogranular GMR effect have been reported except for a granular-in-gap (GIG) structure-type film deposited on Fe 66 Ni 34 . 4) It is expected that the use of the nanogranular GMR sensors is appropriate to detect the alternate change in polarity of permanent magnets in brushless DC motors. 5) Usually, DC motors are composed of a set of rotor, stator and brush. The brush has two roles, that is, the detector of the rotating angle of the rotor and the switch of the current in the electromagnets. The mechanical switch between the brush and the electrodes has some problems; the brush is worn away by friction, and switching induces electric noises. Needless to say, brushless DC motors have no brushes, and hence it has been improved the mechanical durability and reduced the electromagnetic disturbance in their electric devices. Therefore, brushless DC motors have widely been used. In brushless DC motors, the roles of the brush are replaced by Hall sensors with an electric circuit. These Hall sensors detect the rotating angle of the rotor and the electric circuit switches over the polarity of electromagnets. In a typical brushless motor which has four permanent magnets changing the polarity alternatively around a spindle in the rotor and six electromagnets in the stator, the rotating angle of the rotor is decided by the state of polarity of three Hall sensors between the electromagnets at the angle of 60 degrees. These Hall sensors detect the rotating angle of the rotor from quiescent state to the rotating state.
The brushless DC motors are required to increase its output power as well as its efficiency. The output power depends on the strengths of permanent magnets in the rotor and electromagnets in the stator. However, the increase in the strength of electromagnets in the coils results in the increase in the working temperature in motors. The Hall sensors are semiconductors which exhibit a remarkable temperature dependence, and hence the working temperature of brushless motors is restricted. Generally, the Hall sensors used in brushless motors are InSb semiconductors and their working temperatures are limited below about 400 K. Therefore, it is desired to develop the sensor having high temperature stability with detect ability each static magnetic field and its polarity in brushless DC motors.
In the present study, the GMR effect in nanogranular Ag 72 Co 28 thin films has been investigated to develop a sensor having high temperature stability in brushless DC motors. Ag and Co are known as highly immiscible elements and nanogranular alloys are in a metastable state. It is well known that the GMR effect in nanogranular alloys depends on the magnetic particle size, shape and volume fraction. In order to discuss the high temperature stability, the aging effect for the MR effect in the nanogranular Ag 72 Co 28 thin films has been examined. Finally, the nanogranular Ag 72 Co 28 thin films have been applied to the rotating angle sensors in a brushless DC motor.
Experiment
The nanogranular Ag 72 Co 28 thin films were made by an RF magnetron sputtering method on a glass substrate in Ar atmosphere of 0.4×10 −3 Pa and 6.7×10 −3 Pa. The used sputtering target was a Ag plate 3 inch in diameter and 5 mm in thickness in combination with Co chips 5 × 5 × 1 mm 3 in size. The thickness of the films was about 200 nm. The compositions in the films were controlled by changing the number of Co chips and analyzed by energy dispersive X-ray (EDX) spectroscopy and microstructures were confirmed by transmission electron microscopy (TEM). The composition of Ag 72 Co 28 is corresponding to 20% of Co in volume fraction in Ag matrix. The Co particle sizes were estimated from the lattice images by high resolution TEM and confirmed by EDX using nanosized spot of electron beam.
The magnetic field was applied parallel to the sense current direction. The magnetoresistivity (MR) ratio ∆ρ/ρ was defined by the following expression:
where ρ(0) and ρ(1 T) are resistivities in zero field and 1 T, respectively. To investigate the effect of aging on the MR ratio, the films were aged at 573 K, 673 K, and 773 K up to 864 ks in vacuum.
The nanogranular Ag 72 Co 28 film sensors in the brushless motor were deposited on a glass 1 × 5 mm 2 in size by using a masking plate and Cu electrodes were deposited on the both edges of the sensor. The sensing wires were contacted with Cu electrodes by soldering. The sensors were attached to the bias permanent magnets of SmCo 5 in order to distinguish the magnetic polarity and also set in the motor to detect the rotating angle of the rotor. The used brushless DC motor in the present experiment is FLB575 (Oriental Motor Co.). The constant voltage was applied to the sensor 6) and the signals were amplified by a factor of 1000-10000.
Results and Discussion
The MR ratio about 13% in the as-made state for Ag 72 Co 28 film prepared in 0.4 × 10 −3 Pa Ar pressure has been already obtained at room temperature.
7) The particle size of Co in the as-made state of Ag 72 Co 28 film was estimated to be about 5 nm by the lattice images of high resolution TEM. This particle size is comparable to Co particle sizes embedded in Ag matrix made by electron beam coevaporation, 8) cluster deposition 9) and sputtering method. 10) For the nanogranular Ag 72 Co 28 thin film, the MR ratio almost linearly decreases with increasing temperature from 12% at room temperature and 4% at 573 K. On the other hand, the resistivity increases linearly with temperature. Generally, two MR sensors such as ferromagnetic MR sensors or semiconductor MR sensors are used in order to compensate the temperature change of the sensors. Therefore, it is beneficial to use the nanogranular Ag 72 Co 28 film as a sensor up to 573 K because of the easy temperature compensation.
The TEM image of the Ag 72 Co 28 film having 9.5% of the MR ratio aged at 773 K for 10.8 ks is presented in Fig. 1 as a typical nanostructure. The particle size of Co decomposed from the Ag matrix has been observed about 20 nm. The Co particle size is about 5 nm in the as-made film and about 10 nm in the film with a maximum MR ratio of 16%. Since the nanogranular Ag 72 Co 28 film is in a metastable state, the MR effect related with the Co particle sizes depends on the aging conditions. The isothermal aging effect on the GMR ratio for the film having 13% in the as-made state was investigated. The MR ratio for the film aged at 573 K increases up to 16% in short aging times and then decreases. This behavior is considered that the nanogranular structure is adjusted by aging to obtain a maximum MR ratio. Figure 2 shows the magnetic field dependence of the MR ratio for the as-made and the films aged at 673 K for 11, 32 and 119 ks, respectively. The magnetic field dependence of the MR ratio in 1 T was changed its value but no obvious change in the MR ratio with the aging time except for the as-made film at low magnetic field around ±0.1 T. Therefore, the Ag 72 Co 28 film sensors for the motor having magnetic field within ±0.1 T have an excellent thermal stability. The magnetic field dependence of the MR ratio is almost linear with a high sensitivity in the range from 0 T to 0.2 T. It should be noted that the durability of the GMR effect at 473 K has been estimated to be about ten years from the Arrhenius plots for the aging time vs. the aging temperature. 10) Accordingly, the Ag 72 Co 28 films are promising as GMR sensors in brushless DC motors.
Parts of the present experimental brushless DC motors have the same temperature limit as semiconductor Hall sensors, say, below about 400 K, and hence it is difficult to examine 1256 H. Takeda, A. Fujita and K. Fukamichi the thermal stability of brushless motors in a high temperature, e.g. 473 K. Therefore, in the present study, the Ag 72 Co 28 film having 4% of the MR ratio was used as a sensor in the brushless DC motor and examined the room temperature measurements. Note that the ratio of 4% corresponds to the MR ratio at 573 K of the Ag 72 Co 28 film having 13% at room temperature. The Ag 72 Co 28 film with a decreased MR ratio at room temperature was prepared in 6.7 × 10 −3 Pa Ar pressure because the MR ratio is mainly connected with the deposition condition. 11) Since the GMR effect is isotoropic, it is not able to distinguish the polarity of magnetic field. By using a bias magnetic field, however, the nanogranular Ag 72 Co 28 film sensor can distinguish the polarity of magnets in the rotor. Figure 3 shows the magnetic field dependence of the MR ratio at room temperature in a bias magnetic field of 0.1 T. In the magnetic field range of ±0.1 T, the magnetic field dependence of the MR ratio of the nanogranular Ag 72 Co 28 film shows a linear dependence without remarkably large hysteresis. The GMR effect can detect the static magnetic field and can distinguish the polarity of the magnetic field by using a bias permanent magnet, therefore it is satisfied the requirement of the sensors for brushless DC motors.
The detected signals of the two Ag 72 Co 28 film sensors in the motor at rotating at 215 min −1 are presented in Fig. 4 . Two sensors were set in the motor between the stator electromagnets at the angle of 60 degrees. Since the brushless DC motor has four permanent magnets stationed with alternate polarities around the rotor, the sensor signal should be given by two cycles per one rotation of the rotor, corresponding to 0.14 s cycle for 215 min −1 . The phase of cycles of two signals was shifted 60 degrees, corresponding to the angle of the sensor position. Since the magnetic field at the edge is larger than the middle of the rotor magnets, the sensors show a large signal around the changing polarity of the rotor magnets. Therefore, it is confirmed that the nanogranular Ag 72 Co 28 GMR sensor film is able to detect the rotating angle of the rotor. From the results mentioned above, it is concluded that the nanogranular Ag 72 Co 28 thin films can detect the rotating angle of the rotor at 573 K. The combinations of the signals of three sensors in the stator accurately determine the rotating angle of the rotor from the quiescent state to the rotating state. Consequently, the nanogranular Ag 72 Co 28 GMR film sensors have ability to control the rotating angle of brushless DC motors. From the present results, it is concluded that the nanogranular Ag 72 Co 28 GMR films sensors can be used up to relatively higher temperatures, compared with semiconductor sensors, which means that we can get higher output power as discussed in Introduction.
Summary
The GMR effect in nanogranular Ag 72 Co 28 thin films has been investigated as rotating angle sensors in brushless DC motors. The resistivity of the films increases linearly with temperature, and the MR ratio of 12% at room temperature decreases linearly to 4% at 573 K. The Co particle size conducted the isothermal aging at 773 K for 10.8 ks still keeps about below 20 nm, accompanied by the decrease of the MR ratio from 13% to 9.5%.
The nanogranular Ag 72 Co 28 thin film having 4% MR ratio assumed using over 473 K can detect at room temperature the rotating angle of the rotor using bias permanent magnet from the quiescent state to the rotating state. The nanogranular Ag 72 Co 28 thin films have sufficiently high temperature stability and durability for applications to rotating angle sensors in brushless DC motors. Accordingly, the thermal stability of the nanogranular Ag 72 Co 28 thin films at 473 K is superior to that of conventional Hall sensors. Despite a higher electric current increases the working temperature, the brushless DC motors with the present GMR sensors are expected to be able to output higher powers.
